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A study for development of a GPU based software GPS receiver 






Global Navigation Satellite System (GNSS) based time transfer is a one of the important techniques 
for the determination of International Atomic Time (TAI). In particular, the Global Positioning 
System (GPS) is the most used time transfer technique for international time comparison networks. 
In this study, a precise time transfer GPS receiver using software defined radio (SDR) has been 
developed. 
 
TAI is derived by averaging atomic clocks which are kept at various National Metrology Institutes 
(NMIs) around the globe. In order to measure the time differences between each clock, NMIs use 
time transfer techniques, either based on GNSS or by making use of commercial communication 
satellites. In the case of GNSS time transfer, the usage of carrier phase measurements improves time 
transfer precision by about 2 orders as compared to pseudo-range measurements. In addition, dual 
frequency measurements can cancel ionosphere propagation errors. Receivers which are used for 
time transfer purposes should allow usage of external time and frequency reference signals, ensuring 
that the received GNSS signals are then sampled w.r.t. these reference signals, which are usually 
derived from the atomic clocks. However, off-the-shelf geodetic receivers which provide dual 
frequency measurements do not support the input of external reference signals, which prevents them 
from being used for time transfer purposes. A few dedicated dual frequency GNSS receivers are 
commercially available for time transfer purposes. However, such receivers are far more expensive 
than commercially available geodetic GNSS receivers. In order to improve the accuracy of TAI, it 
would be good to have dual frequency GNSS receivers at most NMIs. However, at the moment only 
half of all NMIs which participate in an international time link have such an expensive dual 
frequency receiver deployed at their laboratory. 
 
Software GNSS receivers, which are basically software defined radios (SDRs) applied to GNSS 
signals, have been studied very actively in recent years. Such a receiver uses an inexpensive versatile 
analog-to-digital converter (ADC) in order to sample the GNSS signals, and most digital signal 
processing parts can be implemented by means of software on a personal computer. One advantage 
of a SDR based receiver is that all computations can be performed by floating point precision, in 
comparison to a hardware logic which uses either an integer or fixed-point precision representation 
for the data processing. In addition, one can easily test the implemented logic without the need for a 
dedicated simulator. Moreover, data from the A/D sampler can also be stored on hard disks and 
played back on demand. 
 
Within the scope of this thesis a SDR based dual frequency GPS receiver for time transfer has been 
developed. This receiver makes use of a versatile ADC, which can be synchronized to an atomic 
clock, and software correlation is performed on a personal computer. As for the latter processing 
option the data throughput of software-based digital signal processing could be a limitation graphics 
processing units (GPUs), which have been originally designed for computer games, are utilized. In 
doing so, a processing speed that is equivalent to hardware logics can be achieved. As the 
implementation of a time domain (XF) correlation scheme is difficult to be expressed in an 
optimized way on the GPU, a frequency domain (FX) correlation approach is being used. In general, 
the processing speed of a XF architecture might be faster than an FX implementation for a small 
number of correlation lags since an FX-based processing requires heavy FFT computations. 
However, because FFT algorithms can be ported very efficiently to a parallel architecture, the usage 
of the FX algorithm, which has some advantages for software correlation, becomes feasible when 
implementing the signal processing on a massive parallel device like a GPU. 
 
In order to evaluate the performance of the developed software receiver, a zero-baseline experiment 
has been carried out and measurements were compared with those from a commercial hardware 
receiver. The pseudo-ranges measured by the software and hardware receiver were consisted within 
5 ns, and statistics reveal that the differences follow the distribution of white phase noise. On the 
other hand, small variations on the order of a few tens of picoseconds were found in the carrier phase 
residuals. Such inter-system differences are likely introduced from the temperature instability of the 
RF front-end oscillator. Thus, one needs to study the temperature dependency of the oscillators and 
eventually temperature-control the RF front-end box. 
 
The software receiver was also used to carry out a remote clock comparison of hydrogen masers at 
two remote locations, and a short term time transfer precision of 10-13 could be accomplished. 
However, the long-term precision was degraded because the number of satellites transmitting the 
civil L2 signal, which is necessary for a dual-frequency software receiver, was low. Double 
differences between GPS carrier phase and two-way satellite time and frequency transfer (TWSTFT) 
were consisted within an RMS of 2 ns. Also in this comparison it could be shown that due to the low 
number of L2C satellites, jumps are introduced in the time link. 
 
New GNSS satellite systems such as GALILEO or BEIDOU will become operational in the near 
future, and satellites from these new systems are expected to transmit new civil precise ranging 
signal. Other than hardware GNSS receivers, SDR based receivers have capability to support such 
new signals very flexibly. Thus, it is planned to update the software in order to support multi-GNSS 
which would achieve better time transfer precision and, in general, would improve the accuracy of 











全地球測位衛星システム（Global Navigation Satellite System; GNSS）の信号を仲介とした
時刻比較は，国際原子時（International Atomic Time; TAI）決定のための方式の一つである．
本研究では，高精度な時刻比較に対応したソフトウェア無線技術による GPS 受信機の開発
を行った． 
TAIは，世界各国の標準機関（National Metrology Institute; NMI）が保持する原子時計の歩




る．時刻比較を行うためには，GPS受信機に原子時計から供給される 10 MHzと 1 PPS信号
を入力し，受信した GPS信号を外部から入力された 10 MHzと 1 PPSに同期して記録する















複数の衛星が同一の搬送波に異なる擬似雑音（Pseudo Random Noise; PRN）符号を拡散した
符号多重化方式が採用されている．これまではコード周期が短い民生用信号は搬送波周波
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V (t) = [V0 + "(t)] sin[20t+ (t)] (2.1)
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)  x(t)] (2.5)
8 ? 2? ?????????
??????????????? 5 MHz??? 10 MHz?????????????????
????????????????????? 5 MHz??? 10 MHz??????? y????
???????
???y(t)??????? x(t)????????????????????????????
?????????5 MHz??? 10 MHz????????????????????????
??????5 MHz??? 10 MHz???????????????????????????
?????? 1/5 MHz??? 1/10 MHz?????????????????????????
?????????????????????????????????????????? \
?????"?Frequency Transfer??????????????????????? \????"
?Time Transfer?????????????????????????????? 1?? 1??








???A????? Ta(t)?B????? Tb(t)??????????? T s(t)?????A??B
????? ab(t)???2.8??????
 sa(t) = Ta(t)  T s(t) (2.6)
 sb (t) = Tb(t)  T s(t) (2.7)
ab(t) = 
s
a    sb
= [Ta(t)  T s(t)]  [Tb(t)  T s(t)]






































10 ? 2? ?????????















































??????? Sy(f)????? [16]??????????????????????? Sy(f)?
????????????????????y?????????????? 0????????
???????2.12???????????













-2 ????????????????Random walk frequency noise?
-1 ????????Fliker frequency noise?
0 ??????White frequency noise?????
???????????????Random walk phase noise?
1 ???????Fliker phase noise?
2 ?????White phase noise?
????????????????????? \?????"?Allan Variance????????






















xn(k+1) 1   2xnk+1 + xn(k 1)+1
i2
(2.15)
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L1????C/A?Coarse/Acquisition????? P?Precision????? 2????????
BPSK????????C/A??????????? 1.023 MHz???? 1 ms???????
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GPS Block IIR-M????? L2C?L2 civil???? [23]?????????L2C??????
????? 511.5 kHz ???? 20 ms? L2C Moderated?L2CM????? 1.5?? L2C Long
?L2CL?????????? 1?????????????????
???????
L1??C/A????P????? 50 bps?????????Broadcast Message??????
???????????? 300 bit?6????? 5????????????????? 1 500 bit

















sr(t) = kxs(t   sr )  xr(t)k+ c[dtr(t)  dts(t   sr )]
=
q
(xs   xr)2 + (ys   yr)2 + (zs   zr)2 + c[dtr   dts] (3.3)
????xs???????????xr ????????????dts????????????
??dtr ??????????????? sr ????????????????c???????
??????????????????????????????????????????
?? xr = (xr; yr; zr)????????????? dtr ? 4????????????????










GPS?????????????????1980???????? NBS?National Bureau of






































?????????? 2 m??????GPS Time???????????? 2.5 ns??????
????????????????????GPS?????????????????????
















































?? k????????? i??? t????????? P ki ???3.5??????? [38]?
P ki (t) = krk(t  ki )  ri(t)k+ Iki + T ki









ki (t) = krk(t  ki )  ri(t)k   Iki + T ki + c[dti(t)  dtk(t  ki )]
+c[i(t) + 













?????? i?j??????? k??????????????????Single Dierence?
????????????????????????????????????????????
???????????????????????????????????3.7???????
kj (tj)  ki (ti) = krk(tj   kj )  rj(tj)k   krk(ti   ki )  ri(ti)k
 Ikj + Iki + T kj   T ki
+c[dtj(tj)  dtk(tj   kj )]  c[dti(ti)  dtk(ti   ki )]
+c[j(tj) + 
k(tj   kj )]  c[i(ti) + k(ti   ki )]





j   "ki (3.7)
??3.7??????????? k(t0) ?????????????????????? kj ? 
k
i
???????????????? k(tj   kj )  k(ti   ki )???? dtk(tj   kj )  dtk(ti   ki )
?????????????? ()j ()i = ()ij ??????3.7?????????3.8?????
kij  krk   rjk   krk   rik   Ikij + T kij + cdtij + cij + ij(t0) + Nkij + "kij (3.8)






















24 ? 3? GPS????









































ki = krk   rik
ski = c(dti   dtk) + T ki
Dki = c(di   dk)
ki = c(i   k)





















































L4 = 1   2 (3.16)
???L1??L2??????????????????M?????????????????








f1   f2 (f11   f22) 
1
f1 + f2
(f1P1 + f2P2) (3.17)
=
f1   f2














f1   f2 (f11M1   f22M2)
=
c
f1   f2 (M1  M2) (3.18)
??3.17????????Melbourne-Wubbena??????????L6????L6?????
???????????????????????????????????????????
?????????????????L5 = c=(f1   f2)???? 86 cm???????????


































????? 15???????????x, y, z??????????? \IGS08"???????
??IGS08???????????International Terrestrial Reference Frame; ITRF?????
????????????????????????Earth Centered, Earth Fixed; ECEF???




??????????????????Earth Centerd Inertial; ECI?????????????
ECEF?? ECI???????3.19????????????? [44]?
xECI(t) = R(t)xECEF (t) (3.19)
????R = QSW ????????????Precession-Nutation????????????
?Earth Rotation Angle??????Polar Motion??????? 3 3?????????c4?


















































IGS?????3.26?????????????????Total Electron Content; TEC???





























































28 ? 3? GPS????
????????????? 2??? 3???????????????????????Zenith













































GPS???????????????????????Right Circularly Polarized; RCP??
??????????????????????????????????????? 1???

















ij   Iklij + T klij + Nklij + "klij (3.30)
????????????????????????????????????????????
?????????????????Nklij ?????????????? [58]????????






??????????????????? 10 ps?100 ps??????????????????
???????????????????????????????????????????
100 ps?? 1 ns????????????????????? 1??????????????





















































































































C=N0 55 dBHz?????? 0.6 ns???????????????? PRN????????
500 kHz??? 20 MHz?????????????????????? 15 ps?????? 40
????????????
DPN????
???? DPN??????????????Arbitrary Waveform Generator; AWG????
ADC?K5/VSSP32??????????????????????????????????


















?? 8 bit????????????????????????? 512 KB? 2????????
???????????? 5 ms???????DPN?????????29 = 511 bit?M??
?????????????? 127.75 kHz????????? 4 ms????3.3 ???????
??????????? 9 bit M???? 48???????????????DPN?????















4.3. ???????? SDR??? 35
??? 200 kHz? 2 127:75 kHz?????????????????????FIR?????
???? 1=8?????????????????????????????????? 8 Msps
 2 ch???????
??????
???? DPN ???????? NICT ?????????Telecommunication Laboratory,
Taiwan; TL??????????????????? 2010? 3??? 2013? 3???????
??????????????? 2010? 4? 16??? 18 ??????????????
????????????DPN?????????TWSTFT???????????????
??????????? 1.8 m?????????????????????????????
????UTC(NICT)?UTC(TL)? 10 MHz? 1 PPS??????





















? 18???? 3?????????????????????Modied Julian Date; MJD??
??????????UTC(NICT)?UTC(TL)???????? ns????????????
1???????????????????????????????????????????
??????????C=N0?NICT? 52 dBHz?TL? 49 dBHz???????4.2?????
????????????C=N0??NICT? 20.0 ps?TL? 28.2 ps????????????







36 ? 4? ????????
? B???????A????????4.3?????[72]?




a?b?s?????? A?? B??????????????as?bs????????? A?
?B??????c????????????B???A??????A???????B??
????????4.4????4.6?????
ba(t) = !ub(t)  !ss(t)  !da(t)  !ubs(t) + !das(t)
c
(4.4)
aa(t) = !ua(t)  !ss(t)  !da(t)  !uas(t) + !das(t)
c
(4.5)






a(t)  b(t) = !x(t)  !	y(t)
!2   !2	
(4.7)
x(t)  ab(t)  ba(t)
y(t)  aa(t)  bb(t)
!  !u + !d
!	  !u   !d
TWSTFT??????????????????????????????????Ku??10






























































































????????????? \????"?Signal Acquisition????????????? GPS
???????????????????????????????????????????
???????? 2???????????????????????????????????

















???????????????????????????? 20 ms?? 180????????
?????????? 1/0???????????????????????????????











??????????????????????GPS Time?? 10 ms???????????
?????????????????? 10 ms????????????
????????? 3?????GPS Time??????????????????????
















??? 10 11?? 10 12?5??? 10 14?????????????????????????


















































































































































FFT - N log N
Filter M  N N
Correlation L  N N
IFFT (FFT) L log L N log N
Sum. (M + L) N + L log L 2N + 2N log N
????????? FFT?????????????????????????? 2n????






















XF: 16 lags, 80 taps
XF: 16 lags, 100 taps




















Intel Core i7-950 3.06 GHz????? 4????????????????????????
??? OpenMP?????????????gcc? built-in function????? SSE4.2???
SIMD?????????FX??????? FFT ? FFTW 3.2.4? 4???????????
5.3. ???? 45
??????????????? FFTW ?????????????????????????
?N logN ????????????????????????? 65 536???????????
????????????????? 1??????? 4?????????????????
??? 3???????????????????M + L? 2logN ????????????

















PRN?????????? Rc Hz????????? 2B Hz? B Hz?? B Hz?????
?????????????? fs Hz?fs=2  B?????? 5.3???????? fi Hz???
?????????X(fi)???????? Y (fi)?????????????Xn??????
??????X 0(fi)???????????X(fi)Y ?(fi)?XnY ?(fi)?X 0(fi)Y ?(fi)?????
5.4???????fi???? fs=2  fi  fs=2???i? 1??N????????????
????????????????
???X ??? Y ?????????? X?Y ?????jXjeiX?jY jeiY ????XY ?
???5.7?????
XY ? = jXjeiX jY je iY
= jXjjY jei(X Y ) (5.7)






"  XniXjX(fi)j (5.8)
























???? 1 ?????????f = fs=N?????? T s????????????? 1??
























































































= 0?????????i = 1? 0 Hz















































PRN????????? Rc ? 1 MHz?2MHz?????????????Carrier-to-Noise
power ratio; C/No?? 60 dBHz?Ps =  3 dB?????????????????? 5.5??
???????? 5.6????????? ????????????????????????



















































???? 5.2?????????? 1????????????? 1????????????
??????? 8 MHz?????????? 4??????????????????????
???????????????????????????????????????????
??????????????GPS???? 32?????????????????????





???? 5.2???? FX??? FFT?????????????????? 5.2? 32 MHz








50 ? 5? ?????GPS??????
GPU?????????????????????? [84]?????GPGPU?General-Purpose





?? 10???????? 3????????????????????CPU??? FFT???
??? 5.3.2???????????????????CPU ? FFT?????????????
? 4???????????? 2???????????GPU?NVIDIA GeForce GTX 470?






























? 4???????? 9.2??????????????? 24?????????
5.3.2????? XF?FX??????GPU???????? 5.8????CUFFT????
?????? 5.2?????????????????????? FX?? 1?????????
?????????32 MHz??????????CPU?? 5.2?? 3.7???????GPU??
5.8?? 0.2?? 18.5????FFT?????? 9.2???????????CUFFT???FFT
??????????????????????4 ch  65 536?? FFT?? 1 ch??????




















XF: 16 lags, 80 taps
XF: 16 lags, 100 taps

































?????????????????GT 650m?CUDA??? 384????? 900 MHz???
????????????GTX 260?CUDA??? 192????? 1242 MHz????????
????GTX 470?CUDA??? 448????? 1215 MHz?? 3??????






































































?? 10 MHz?????????? on/o?????????????????????????




????????? 40 KHz 64 MHz 11??
?????????? 1, 2, 4, 8 ???
???????? ?? 4?????








54 ? 5? ?????GPS??????
? 5.11: ??A/D????K5/VSSP32?
????RF??????????????? 5.12?????? 5.13???????????
???????????????Low Noise Amplier; LNA?????????L1??1575.42
MHz??L2??1227.6 MHz??????RF??????????????????? 10 MHz
?????PLO??? IF????????RF??????????????????????
?????????High-Pass Filter?HPF???????????????? IF?????L1
? 195.42 MHz?L2? 147.6 MHz?????????????? 16 MHz??????????
?????????? 8 MHz????????RF????????????????? 5.14?
????????????? 16 MHz??????IF??? 16 MHz?????????????
??????????????????????????????????????K5/VSSP32
???????????????????????????????????????????
































???????NCO?Numerically Controlled Oscillator???? I?In-phase?/Q?Quadrature-
phase?????????? LPF?Low-Pass Filter????????????????????
?????????? A????????????????????????????????
56 ? 5? ?????GPS??????
8 MHz
? 5.14: RF??????? L1????????????
???????????????????????????????????????????
????????????????????????? S/N????????????????









?????????? Intel Core i7 3.06 GHz????? Linux?Ubuntu 10.04 LTS 64 bit?
??????????????? GPU? NVIDIA GeForce GTX 470? 2 ?????????
???????????????????????????????????????????












































???????????????? 5.16?????????????? 5.17 ????
??????????????????????????????????????????





























































































































??????????? 2013? 4? 2? 11:21 UTC???? 1?????????????






















?????????????????? 6.2?? ns???????? 6.3?? ps????????
???????????????????????????????????????????
????
? 6.2???????RMS? 9.1 ns????????? 20 ms?????????????1?
???????????? 9:1 ns=
p




????????RMS????????? 4.9 ps????????????????? 0.7 ps?

































































??????? L2C??????????? 20 ms???? 12.4 ns????1????? 1.7
ns????C/No 44 dBHz??????????? 1.7 ns???????20?????????











??????????? Septentiro??? PolaRX3 TR??????PolaRX3?GLONASS
?Galileo???????????????? TR? 10 MHz? 1 PPS???????????





























































?????????RMS? 4.6 ns??????????? C/A??????????????





????????????????????? peak-to-peak? 40 ps???????????
???????????????????????????????????????????
???PN25?? 6.10?? PN31?? 6.11?????????????5 h UTC?9 h UTC???
66 ? 6? ??????














































24?????????????????????????RMS ? 7.5 ps?????
L2C???????????? 6.12?? 6.14???????????? 6.15?? 6.17 ????
L2C????C/A??????????????????????????????????

































































68 ? 6? ??????
































































































































































































70 ? 6? ??????











































































































































































72 ? 6? ??????





























































??????????????? UTC(NICT)? 10 MHz? 1 PPS????????????
???????NICT??????????????????? VLBI???????????
JAVAD Legacy Lexon GGD???????????Lexon GGD??????? VLBI???
?????????????? 10 MHz?????????Lexon GGD??????????
1 PPS??????????????????????????????????????? 10
MHz?????????????????????????????????????????
???????????????????????????????? Septentrio PolaRX4 TR
???????????????????????????????????? 10 MHz? 1 PPS
??????????????? 3???????? 7.1????






























?????L2?????????????????? 3.1? IIR-M??? IIF???????































































































???????????????????????????????? 20 000????? L1?
























?????????????????????? 6.4????????????? PLO ????
???????????????????????????????????????????
????????????????????????????????????????120??






????? 24?? 1?????GPS???? 1?????????????

























































????????????????????????? 7.5????? 7.5??? 5? 25???
? 5? 30?????????
??????? 25?????????? 2???????????????????????
































































































































?????????16 MHz??????? L1 C/A?L2CM???????? 14??????
?????????????











?????L1? 40 ps???L2?? 80 ps????????????????????????
???????PLO??????????????????????????????????
??????????????????????
?????????????????? 100?? 3 10 13????????????????
???? L2C?????????????????????????????????????
???????1?? 10 15????????????GLONASS?????????????



















































G1 = x10 + x3 + 1 (A.1)




1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 1 1 1 1 1
Stage
Initial Condition
1 2 3 4 5 6 7 8 9 10






86 ? ?A GPS?????????
? A.1: ????? C/A??????????
PRN G2 Tap PRN G2 Tap PRN G2 Tap PRN G2 Tap
1 2  6 9 3  10 17 1  4 25 5  7
2 3  7 10 2  3 18 2  5 26 6  8
3 4  8 11 3  4 19 3  6 27 7  9
4 5  9 12 5  6 20 4  7 28 8  10
5 1  9 13 6  7 21 5  8 29 1  6
6 2  10 14 7  8 22 6  9 30 2  7
7 1  8 15 8  9 23 1  3 31 3  8




S2 = 1 + x3 + x4 + x5 + x6 + x9 + x11
+ x13 + x16 + x19 + x21 + x24 + x27 (A.3)
L2 CM?????????? 10 230??????? 20 ms??L2 CL???? 767 250??1.5
Delay







? A.2: ????? L2C???????????
Initial State Initial State
PRN L2 CM L2 CL PRN L2 CM L2 CL
1 742417664 624145772 17 540264026 605402220
2 756014035 506610362 18 205521705 002576207
3 002747144 220360016 19 064022144 525163451
4 066265724 710406104 20 120161274 266527765
5 601403471 001143345 21 044023533 006760703
6 703232733 053023326 22 724744327 501474556
7 124510070 652521276 23 045743577 743747443
8 617316361 206124777 24 741201660 615534726
9 047541621 015563374 25 700274134 763621420
10 733031046 561522076 26 010247261 720727474
11 713512145 023163525 27 713433445 700521043
12 024437606 117776450 28 737324162 222567263
13 021264003 606516355 29 311627434 132765304
14 230655351 003037343 30 710452007 746332245
15 001314400 046515565 31 722462133 102300466





Total Electron Content; VTEC?? 3.7 ???????3.24????3.25??????????
????????????????IGS?????????????????Global Ionosphere
Map; GIM????????Single Layer Model; SLM???????????????????
????? 450 km???????????? 2??????????????????????
???? 2.5??????? 5.0????????? 2???????
????????????????????????? 450 km??????????????
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